Abstract: The nonlinearity of a light-emitting diode (LED) limits the system performance of a visible light communications (VLC) system. Many nonlinearity mitigation methods have been studied. Recent technology advances in the micro-LED array have provided a simple alternative to deal with the system nonlinearity. In this paper, we study the approach of providing multiple access for the VLC system with the micro-LED array. A code-division multiple-access (CDMA) scheme that enables multiple access with variable data rate is proposed. In addition, the proposed system architecture is immune to the nonlinearity of the micro-LED array, thus providing optimal system performance. Simulations and laboratory experiments show the robustness and consistency of the proposed scheme.
Introduction
Visible light communication (VLC) has attracted much attention in recent years for the practically "unlimited" wireless spectrum [1] . As an example, the VLC system in [2] achieved a peak data rate of 4.2 Gbits/s with a red-green-blue (RGB) light-emitting diode (LED).
The nonlinearity of LED, on the other hand, is not negligible, which limits the system performance in terms of bit error rate (BER) and error vector magnitude (EVM) [3] . Binary signals such as on-off keying (OOK) modulation, variable pulse position modulation (VPPM), and pulse width modulation (VPM) are immune to LED nonlinearities. However, these modulation schemes sacrifice spectral efficiency. In [4] , predistortion methods to mitigate the nonlinear distortion of the LED are proposed. The post-distortion algorithm was studied in [5] . In [6] , a one-bit sigmadelta modulator is proposed that converts general input signals to binary signals that avoided the LED nonlinearity while preserving the spectral efficiency. These algorithms, however, all require additional logic or circuits to perform linearization compensation.
Previous studies focus on point-to-point VLC communication systems. Multi-user scenario or multiple access in a VLC system is not well addressed. An optical code division multiple access (CDMA) scheme for VLC systems was proposed in [7] , which exhibited the property of canceling multi-user interference. Techniques based on multilevel signaling and optical orthogonal codes (OOC) were explored in [8] and provided multiple access in an indoor multiuser network. In [9] , a color-shift keying (CSK)-CDMA VLC system which could support multiple users simultaneously is proposed and perfomed. A 3 dB transmission gain was obtained compared with the conventional point-to-point OOK modulation. Unfortunately, the nonlinear distortion of LEDs was ignored in these works, which could lead to the loss of system performance.
In this paper, we propose a CDMA transmission scheme that supports multiple access as well as variable data rate for different users. The proposed scheme is based on multiple LEDs structure that each LED element in the transmitter only transmits binary bit 0 or 1, which avoids nonlinear distortion. The overall transmission is thus linear with respect to the overlayed signal. The micro-LED array devices that enables VLC system with wider modulation bandwidth is ideal for the proposed CDMA architecture [10] . In [10] , it is demonstrated that data transmission at rates up to 1 Gb/s was achieved from a single pixel on micro-LED array. With micro-LED array structure, the optical 3 dB modulation bandwidth was in excess of 400 MHz in [11] . In [12] , a CMOS-controlled micro-LED array VLC system is proposed, and a data rate of 1.5 Gbit/s is achieved. Such a development shows the potential of the micro-LED array for VLC transmission. In [13] , a VLC system with micro-LED array that avoids the nonlinearity in the device is proposed. In this paper, a new CDMA architecture based on micro-LED array is proposed, which enjoys the benefits of wide modulation bandwidth. The proposed scheme also provides multiple access as well as variable data rate with no nonlinear impairments.
The rest of the paper is organized as follows. Section 2 introduces the system architecture and CDMA technique in VLC with nonlinear LED. Section 3 proposes a linear CDMA VLC system architecture with LED array to mitigate the nonlinear distortion brought by LED. Section 4 validates the effectiveness of multiple LEDs structure and micro-LED array in CDMA VLC system through experiment and simulation in terms of EVM performance. Section 5 concludes this paper.
CDMA VLC System Architecture With Nonlinear LED
CDMA is a good candidate to accommodate multiple access in a VLC system. Fig. 1 shows the block diagram of a CDMA VLC system. This system reduces to a point-to-point communication system when there is only one user. In order to accommodate multiple users at the same time without interfering each other, a set of orthogonal spreading codes is applied to the information bits from different users. At the transmitter, the information symbols are spread to time-domain chips. At the receiver, the despreading operation converts the time-domain chips into transformed domain symbols. In this paper, we employ Walsh code fc 1 ;c 2 ; Á Á Ác M g as an example optical orthogonal codes (OOC). The sequencec i ¼ fc i;1 ; c i;2 ; . . . ; c i;M g; i ¼ 1; 2; . . . ; M is a binary sequence satisfying
where hÁi is the inner-product operation, ðÁÞ Ã is the conjugate operation, and M is the length of codewordsc i . In general, the number of orthogonal codes in OOC is M. The maximum supported users in the system is M as well. In the frame work of VLC, all signals are real-valued signals. The conjugate operation can be dropped off from (1). The information bits of different users firstly pass through the modulation block to get modulated bits s i . Since only real-valued signal is supported by the VLC system, binary phase shift keying (BPSK) modulation is a natural choice. The modulated data of different users are then spread by the OOC fc 1 ;c 2 ; . . .c M g, respectively. The spread chips of different users are combined together as the final input signal. A direct current (DC) bias is applied to make the input signal all positive before modulating light intensity of the LED. The k th chip of the nth symbol of the combined signal is given by
where s i;n is the nth symbol of user i, and m is the number of users in the system satisfying 1 m M. Since the DC bias does not contain information and can be removed at the receiver, we omit this term during the discussion. The output of LED y n;k is nonlinearly related to the input signal x n;k . A typical nonlinear response of the LED is shown in Fig. 5(b) , where the output signal exhibits saturation effects with large inputs and cut-off effects with small inputs. The output signal y n;k can be written as
where f ðÁÞ is the nonlinear mapping between the input and the output of the LED. Since x n;k is a superposition of signals from different branch, the peak to average power ratio (PAPR) of x n;k can be very large and nonlinear distortion in y n;k becomes significant.
Decomposing the output of nonlinearity f ðÁÞ into the linear signal part and the distortion part, the nonlinear mapping (3) can be rewritten as [14] 
where d n;k is the distortion term that is orthogonal to x n;k , i.e., E ½x n;k d n;k ¼ 0, and is a constant given by ¼ E ½x n;k y n;k =E ½x 2 n;k ¼ E ½x n;k y n;k = 2 x , where 2 x is the variance of x n;k . By definition, we have E ½y
. A typical multi-path channel model with additive white Gaussian noise (AWGN) is added in the VLC system. The frequency response of the LED can be lumped into channel effects of the system [5] . Since the channel estimation and equalization are not the focus of this paper, we assume perfect channel estimation and equalization.
The nonlinearity of the PD in the receiver is not significant at a reasonable radiant flux range and is ignored in this paper. Thus, at the receiver, for user j ðj ¼ 1; 2; . . . ; mÞ, the received signal is given by r j;n;k ¼ y n;k þ j;n;k (5) where r j;n;k is the received signal after perfect equalization for the jth user, and j;n;k is the noise from the jth channel after equalization, which can still be modeled as additive noise. In order to obtain transmitted symbols of a particular user j, the cross correlation operation can be appliedŝ j;n ¼hr j;n ;c j i
c j;k j;n;k (6) wherer j;n ¼ ½r j;n;1 ; . . . ; r j;n;M .
In the case of a linear LED, (6) reduces tô
c j;k j;n;k :
Combining (1) and (7), we haveŝ
From (8), we conclude that the interference from other users is removed after the orthogonal despreading. From (8), we also observe that the amplitude of the signal is increased by M times after the despreading. The signal power is increased by M 2 times. On the other hand, the power of the noise is increased by M times since j;n;k ; k ¼ 1; 2; . . . ; M, are independent realizations of noise. The signal-to-noise ratio (SNR) per symbol is improved by M times comparing to the SNR per chip.
In the presence of nonlinear distortion, the orthogonality among data of different users is destroyed and system performance is degraded. Substituting (4) with (6), we havê
where Ms j;n is the linear term, D j;n ¼ P M k ¼1 c j;k d n;k is the distortion term, and P M k ¼1 c j;k j;n;k is the noise term. In [15] , it is shown that the nonlinear distortion applied in the time domain could be treated as additive white noise in the frequency domain. Such property holds for general orthogonal linear transforms. In the framework of CDMA, the Walsh code spreading and despreading construct a pair of orthogonal linear transforms. We infer that the distortion term D j in the transformed domain is additive white noise, which is intuitive considering the central limit theorem. Comparing to the linear case (8), the signal power in (9) is attenuated; and the distortion power is added to the noise power. The signal to noise and distortion ratio decreases and the system performance degrades.
In [9] , CSK and CDMA transmission is implemented in a VLC system. The system was composed of a 4 Â 4 RGB LED array as the transmitter and a mobile phone camera as the receiver. The camera served as 16 individual receivers. The LED array, on the other hand, only provided frequency multiplexing in this example. If we ignore the color change, the whole system can be simplified as one-LED transmitter, which is the same as the one that we discussed in Fig. 1 . The color dot in the photo image is equivalent to the PD at the receiver. The CSK-CDMA modulation is equivalent to the multilevel amplitude modulation. Since the amplitude modulation is involved, nonlinearity of the LED cannot be ignored. In fact, the experiment result in [9] demonstrated 3 dB loss in multiplexing gain comparing to the OOK modulation.
Linear CDMA VLC System Architecture With Nonlinear LED Array
Conventional CDMA scheme applied to the VLC system does not take the nonlinearity of the LED into account. To mitigate the nonlinear distortion, we propose a new CDMA transmission architecture, which is shown in Fig. 2 .
In this architecture, multiple LEDs are applied in the transmitter. Assuming that the LEDs in this proposed system are the same. Different from transmitting the multiplexed data within one single LED as suggested in [9] , the modified multiple LEDs structure transmit data of different users with separated LED elements. In each LED, the input data modulated with BPSK exhibit constant envelop. Even the LED is driven into the saturation region, the binary output can still be viewed as linearly amplified input and, thus, is immune to the LED nonlinearity. In most cases, line-of-sight channel exists in VLC communications and the multiple LEDs in the transmitter are placed close to each other. It is reasonable to ignore the MIMO effects at the receiver and the received signal can be viewed as a superposition of signals from each individual LED transmitter. At the receiver side, each user can recover its own information bits with the corresponding spreading codewords as suggested in (6) . With the multiple LEDs structure, (6) reduces to the linear case (8) . The performance gain of the CDMA scheme is preserved even with nonlinear LED.
During the above discussion, we assume that each user adopts only one spreading codeword and holds the same data rate. In practice, variable data rate can be obtained by allocating more than one spreading codeword to designated user. The system architecture stays the same. For example, if we assignc 1 ;c 2 ; . . . ;c 4 to one user, the corresponding receiver can decode the information bits spread by the above 4 codewords and achieve 4Â data rate.
The alternative approach to achieve the variable rate is to combine spreading code into a new spreading code with lower chip rate. Such an operation does not destroy the orthogonality of the code space and can still achieve a linear reception.
The proposed multiple access architecture, however, suffers from several practical limitations. Firstly, the synchronization of signals in different LEDs needs to be performed since the orthogonality of different users relies on the time synchronization. Second, the consistency of different LEDs may affect the system performance as well. What's more, the DC bias of each LED needs to be added independently and may introduce mismatch.
With recent development of micro-LED array [11] , we propose a CDMA VLC architecture with digitally controlled micro-LED array. Comparing to conventional multiple LEDs, the micro-LED array enjoys higher integration, wider modulation bandwidth and better consistency among array elements. The input control and biasing control of each array elements are easy to implement. Meanwhile, dithering technique can be applied to overcome the mismatch of different elements and extend the life span of the elements in micro-LED array [13] . The CDMA VLC architecture with micro-LED array is appropriate for multiple access.
Simulation and Experiment
In this section, we would like to provide system simulations and lab experiments to validate the advantage of the proposed CDMA VLC architecture in the presence of nonlinear LED.
Simulation of CDMA VLC System
In the simulation, an 8 Â 8 micro-LED array is used for digital transmission. The Walsh code with length M ¼ 64 is applied as the spreading code. The nonlinear response of each array elements is given by the V-I curve shown in [11] with the maximum output current I max ¼ 30 mA. We assume that the LED nonlinearity is described by a memoryless polynomial nonlinear (NL) block followed by a linear time-invariant (LTI) block [5] . The frequency response of the LTI block can be equalized at the receiver. A total of 37 users are in service. For the proposed CDMA VLC system, 37 elements of the LED array are active for transmission and each element carries information for one user. DC bias is added to each array elements to fully utilize the dynamic range of the LED from V min ¼ 3:0 V to V max ¼ 6:0 V.
For comparison, a conventional CDMA VLC system in Fig. 1 is also simulated. In this case, the transmitted signals are added first before being sent to the micro-LED array. With the superposition of 37 users, the peak-to-average power ratio of the input signal can be as high as 13 dB. To be fair, we assume the normalized nonlinearity of the micro-LED array structure and the single LED structure are the same. The input signal for the single LED structure also utilizes the full dynamic range of the LED. In the simulation, the total number of transmitted information bits for each user is 10 6 , thus the length of the chip sequence is 6:4 Â 10 7 . A multi-path channel with a direct light-of-sight path is assumed. At the receiver side, each individual user decodes its own information bits with designated spreading codes.
The simulation results on the BER performance of the VLC system are shown in Fig. 3 . The x -axis E b =N 0 denotes the energy per bit to noise power spectral ratio, and the y -axis is the BER performance of the system. The black solid line shows the BER performance of the system based on single LED architecture with nonlinearity; the blue dotted line shows the BER performance of the system based on micro-LED array architecture with nonlinearity; and the red dash-dotted line shows the BER performance of the system without nonlinearity.
In Fig. 3 , we observe that the BER performance of the system based on micro-LED array architecture with nonlinearity is the same as that of the system without nonlinearity. The result is intuitive since for each individual element of the micro-LED array, the input is binary signal and the nonlinear distortion does not show up at the output. On the other hand, if the single LED architecture is applied, the BER performance does not meet the level of BER ¼ 10 À4 , which shows that the nonlinear distortion dominates the performance loss when the SNR is large. For a CDMA signal with large PAPR, the nonlinear distortion degrades the system performance significantly.
Experiment of CDMA VLC System
Next, we present lab experiment results of the CDMA VLC system. To demonstrate the concept of the CDMA VLC system, we assemble a testbed with four identical LEDs to replace the micro-LED array. Fig. 4 shows the testbed of CDMA VLC system based on multiple LEDs. The transmitter consists of 4 white LEDs (part number: OSRAM LE UW S2LN). Each data path is individually controlled by the baseband input data generated from the field-programmable gate array (FPGA) boards. The DC biases are also applied separately. At the receiver side, four avalanche photodiodes (APDs) (part number: Hamamatsu s5343) are used for signal reception representing 4 independent users. The received signal is captured and sampled by a digital signal analyzer (part number: Agilent DSA 90804). The distance between the transmitter and the receiver is 110 cm. The transmission chip rate is 12.5 Mbps.
For the CDMA VLC system with multiple LEDs architecture, the input baseband signals x i ; i ¼ 1; 2; 3; 4 directly modulate the light intensity of the corresponding LEDs. The output waveform of one of the LEDs is shown in Fig. 5(a) . Since the input to the individual LED is binary signal, the nonlinear distortion does not show up in the synchronized received samples at the chip rate. In the experiment, a line-of-sight path is available. At the receiver, the received signal r ðnÞ is obtained by APD. The received information bits are recovered by baseband processing including synchronization, equalization, despreading, and demodulation.
For comparison, a CDMA VLC system with a single LED is also studied. The transmitted CDMA signals are added together before passing through the LED, as shown in Fig. 1 . To observe the system nonlinearity, we control the input signal amplitude changing from small amplitude to large amplitude. At the receiver side, we still use four APDs for reception representing four independent users. The output of one of the LEDs is shown in Fig. 5(b) . Fig. 6(a) shows the experiment results of the above two cases. The pink diamonds are the measured EVM performance of the system based on single LED architecture; the green circles are the EVM performance of the system based on multiple LEDs architecture. The blue solid line and red dash-dotted line are simulation extrapolated results based on the measured From Fig. 6 (a), we observe that if the signals of different users are transmitted separately using different LEDs, the received EVM performance has no loss and is as expected. When the input signal is small, the received EVM is small. When the input signal becomes large, the received EVM increases as well and becomes saturated at about À41 dB. When the EVM saturates, the LED output does not increase as the LED is operating in the saturation or cut-off region, and the noise floor comes from the overall transceiver noise floor which does not change.
One the other hand, if the transmitted signal is added before the transmission, the nonlinearity of the LED indeed degrades the system performance. Since we fix the distance between the transmitter and the receiver, the increase in SNR is equivalent to the increase in the signal amplitude. When the SNR is large, the large input signal is driven into the nonlinear region or even the saturation/cut-off region, the distortion is significant and the received EVM performance degrades. The EVM gap between the single LED structure and multiple LEDs structure increases when the SNR is beyond 33.2 dB.
In the second experiment, we compare the proposed system architecture with the system setup shown in [9] . A similar setup as [9] is configured where the transmitted CDMA signals are added together before passing through the LED. In order to compare with the results shown in [9] , we use pulse amplitude modulation (PAM) to replace the CSK modulation. The modulated amplitude is divided into four levels, data bit {00} is modulated to the maximum amplitude level, which represents the color depth 60 in [9] , {01} is modulated to color depth 40, {10} is mapped to 20, and {11} is mapped to 0. In other words, each CDMA symbol contains two information bits. For a fair comparison, in the multiple LEDs CDMA VLC case, we use additional LEDs to transmit multiple bits in a symbol simultaneously. The receiver applies two orthogonal Walsh codes to decode the transmitted signals of one user. Fig. 6(b) show the experiment results of the above two cases. The notations follows the results shown in Fig. 6(a) . Comparing Fig. 6(b) with Fig. 6(a) , we observe a similar trend when a single LED is applied. The performance degradation is larger in the second experiment than that in the first experiment. The EVM gap between the single LED structure and multiple LEDs structure increases when the SNR is beyond 31.5 dB. In the second example, the output signal has 13 levels, which implies a higher PAPR than the case with one-bit symbols. The performance degradation caused by the nonlinear distortion is also larger. On the other hand, the performance of the multiple LEDs structure stays the same since the nonlinear distortion in both cases does not affect the system performance. Comparing Fig. 6(b) with Fig. 6(a) , we also conclude that when spreading code is long or the number of users is large, the performance degradation caused by the nonlinearity is large since the PAPR of the system is large. We would like to point out that in practice, large size micro-LED array may suffer from crosstalk and power supply droop issues. The crosstalk terms can destroy the orthogonality of the CDMA codes, thus harm the system performance. The power supply droop can introduce additional nonlinearity, which needs to be calibrated based on the measured data. In our future work, we would take these practical issues into account.
Conclusion
The nonlinearity of VLC system is a limiting factor of the system performance. In this paper, we proposed a CDMA VLC system architecture with multiple LEDs that is immune to the nonlinearity of the LEDs. By transmitting input signals of different users with corresponding individual LEDs respectively, the output of the LED can be viewed as OOK signal and is immune to the nonlinear effects. Simulation results and lab experiments demonstrate that the proposed system architecture successfully eliminates the nonlinearity of LEDs and achieves satisfactory performance. Combing the proposed system architecture with the advances in the micro-LED array devices, the proposed system architecture can easily support large number of users at a variable rate. In addition, the inconsistency in the array elements can be greatly alleviated.
